Disc nucleus pulposus (NP) matrix homeostasis is important for normal disc function. Mechanical overloading seriously decreases matrix synthesis and increases matrix degradation. The present study aims to investigate the effects of resveratrol on disc NP matrix homeostasis under a relatively high-magnitude mechanical compression and the potential mechanism underlying this process. Porcine discs were perfusion-cultured and subjected to a relatively high-magnitude mechanical compression (1.3 MPa at a frequency of 1.0 Hz for 2 h once per day) for 7 days in a mechanically active bioreactor. The non-compressed discs were used as controls. Resveratrol was added along with culture medium to observe the effects of resveratrol on NP matrix synthesis under mechanical load respectively. NP matrix synthesis was evaluated by histology, biochemical content (glycosaminoglycan (GAG) and hydroxyproline (HYP)), and expression of matrix macromolecules (aggrecan and collagen II). Results showed that this high-magnitude mechanical compression significantly decreased NP matrix content, indicated by the decreased staining intensity of Alcian Blue and biochemical content (GAG and HYP), and the down-regulated expression of NP matrix macromolecules (aggrecan and collagen II). Further analysis indicated that resveratrol partly stimulated NP matrix synthesis and increased activity of the PI3K/Akt pathway in a dose-dependent manner under mechanical compression. Together, resveratrol is beneficial for disc NP matrix synthesis under mechanical overloading, and the activation of the PI3K/Akt pathway may participate in this regulatory process. Resveratrol may be promising to regenerate mechanical overloading-induced disc degeneration.
Introduction
Patients with intervertebral disc degeneration (IDD) are commonly seen in the orthopedic clinic [1, 2] . Previous studies has established that IDD largely contributes to individual disability due to the accompanying low back and leg pain [3] . Currently, the clinical treatment mainly aims to eliminate or alleviate symptoms but not to its pathogenesis. Despite the existing breakthroughs in the disc degeneration-related research, more basic researches are necessary to biologically regenerate the degenerative disc.
The intervertebral disc (IVD) locates between two vertebral bones and functions as a loading absorber and transmitter [4] . The IVD consists of three structurally integrated parts: the peripheral annulus fibrosus (AF), the central nucleus pulpous (NP), and the cartilage endplate (CEP) [5] . The normal mechanical function of the IVD mainly depends on the content and composition of disc NP matrix (proteoglycan and collagen II), which will be decreased and denatured during disc degeneration [6, 7] . Therefore, maintenance of the normal NP matrix homeostasis is implicated for keeping the normal mechanical IVD function.
As a common external pathological factor of disc degeneration, mechanical compression affects NP cell from cellular fate to cellular biosynthesis [8] . Increasing researches have demonstrated that mechanical load plays an important role in disc development and degeneration [9] . Moreover, a physiological loading is necessary to keep active disc matrix self-renewal, whereas an unphysiological loading sharply destroys the balance of matrix metabolism and homeostasis [10, 11] . Therefore, promotion of the disc NP matrix biosynthesis may be effective for retarding damaged disc function that was caused by mechanical overloading.
Resveratrol, a natural phytoalexin found in plants including peanuts and grapes, is reported to have a wide protective effects in different cell types, such as the anti-inflammatory, anti-aging, and cartilage protection [12] . Recently, two studies showed that resveratrol can stimulate the matrix metabolism (i.e. up-regulating mRNA of collagen II and aggrecan, and down-regulating mRNA of matrix degrading enzymes, such as MMP-3, MMP-13, and ADAMTS-4) [13, 14] . In the present study, we mainly aimed to investigate the effects of resveratrol on disc NP matrix synthesis under a high-magnitude mechanical compression and the potential signaling transduction pathway in this regulatory process.
Materials and methods

Ethical statement
All experiments were approved by the Ethics Committee at Guangzhou First People's Hospital [SDRY (GU) 2010-0045].
Disc isolation and bioreactor culture
The intact discs from 13 healthy pigs (male, 10-12 kg, 3-4 months old) were isolated according the previous method [11, 15] . Briefly, after animal killing via intravenous injection of an overdose of intravenous (100 mg/kg), the spinal column was separated and then the intact discs with CEP (Th11/Th12-L4/L5) were isolated under sterile conditions using a dissecting microscope. After all discs were rinsed with phosphate buffer solution (PBS), they were perfusion-cultured and compressed at a magnitude of 1.3 MPa (1.0 Hz, 2 h once per day) for 7 days in the mechanically active bioreactor that was described in a previous study [16] . The 1.3 MPa of compressive magnitude was designed as a high-magnitude mechanical compression because it has been demonstrated to significantly inhibit NP matrix anabolism and promoting NP matrix catabolism in a previous study [11] . Meanwhile, resveratrol (50 and 100 μM) [13, 14] was added along with the culture medium to investigate the effects of resveratrol on NP matrix synthesis and PI3K/Akt pathway under this high-magnitude mechanical compression. The control discs were not compressed. A total of 100 ml of fresh DMEM culture medium (Gibco, U.S.A.) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, U.S.A.), 1% (v/v) penicillin-streptomycin (Gibco, U.S.A.), 0.025 mg/ml ascorbic acid (Sigma, U.S.A.), and 15 mM HEPES (Sigma, U.S.A.) were circulated at a rate of 5 ml/min according to our own experience. Additionally, discs from the same levels were used for the same experiment to avoid the interference caused by different vertebral levels [17] . For example, the Alcian Blue staining assay was performed on the same three discs (Th11/12, Th12/L1, and L1/2) from different animals.
Alcian Blue staining assay
Briefly, the cultured discs were rinsed with PBS. Then, they were fixed with 4% paraformaldehyde, decalcified with 10% ethylenediaminetetraacetic acid (EDTA), and embedded in paraffin. After 5 μm thick cross-sections were prepared, Alcian Blue assay was performed. All sections were observed under a light microscope and the staining intensity was quantified using Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.).
RNA extraction and real-time PCR analysis
Gene expression of SOX-9 and NP matrix macromolecules (aggrecan and collagen II) was analyzed in the present study. Briefly, after the total RNA was extracted from the isolated NP tissue using the Trizol Reagent (Invitrogen, U.S.A.) and synthesized into cDNA using PrimeScript TM II 1st Strand cDNA Synthesis Kit (TaKaRa, Japan). Then, the PCR reaction was perform on a reaction mixture (20 μl) containing 10 μl of SYBR Green Mix (TOYOBO, Japan), 7.5 μl of RNase-free water, 1.5 μl of cDNA, and 1μl of primer mix. The thermal cycling for all reactions was as follows: 5 min at 95
• C, followed by 35 amplification cycles of 30 s at 95
• C, 20 s at 56
• C, and 15 s at 72 • C. Gene 
Immunohistochemical staining assay
Immunohistochemistry was performed on the disc tissue slices to investigate matrix protein (aggrecan and collagen II) deposition. Briefly, after the sections undergo dewaxing, inactivation of peroxidase, antigen retrieval with stomach protease, and blockage with 5% FBS, they were incubated with primary antibodies against aggrecan (Norvus, NB120-11570, diluted 1:200) and collagen II (Abcam, ab34712, diluted 1:200) at 4
• C overnight, followed by the incubation with corresponding HRP-conjugated secondary antibodies (goat anti-mouse IgG and goat anti-rabbit IgG, ZSGB-BIO, China, diluted 1:200). Then, all sections were incubated with the diaminobenzidine (DAB) to develop the positive staining. Finally, sections were observed under a light microscope (Olympus EX51, Japan) and the staining intensity was quantified using Image-Pro Plus software (Version 5.1, Media Cybernetics, Inc.).
Western blotting assay
After culture, the discs were rinsed with PBS and the innermost NP tissue was isolated under a dissecting microscope. Then, Western blotting assay for SOX-9, aggrecan, and collagen II was performed. Briefly, after the total protein was extracted using RIPA lysis buffer (Beyotime, China), equal protein sample in each group was subjected to SDS/PAGE system and transferred to the PVDF membrane. Then, incubation of the primary antibodies (GAPDH: Abcam, ab8245; collagen II: Abcam, ab34712; aggrecan: Santa Cruz, sc-16492; SOX9: Santa Cruz, sc-20095; all were diluted 1:1000) was performed at 4
• C overnight, and incubation of the corresponding HRP-conjugated secondary antibodies (goat anti-mouse IgG, goat anti-rabbit IgG, and mouse anti-goat IgG, ZSGB-BIO, China, diluted 1:1000) was performed at room temperature for 2 h. Thereafter, protein bands on the PVDF membrane were visualized using ECL Plus reagent (Thermo, U.S.A.). Then, protein expression normalized to GAPDH was calculated according to the gray value that was measured using the ImageJ software (National Institutes of Health, U.S.A.).
Biochemical content measurement
NP tissue was isolated as described above and was used to measure glycosaminoglycan (GAG) and hydroxyproline (HYP) content. Briefly, one group of NP samples was lyophilized for 24 h and weighed to determine the dry weight. Then, the dried NP samples were digested at 60
• C for 24 h in 1 ml of water containing 5 mg/ml papain, 0.2 mol/l NaCl, 0.01 mol/l cysteine hydrochloride, 0.1 mol/l CH 3 COONa, and 0.05 mol/L Na 2 -EDTA (Sangon, Biotech Co., Ltd., China). Then, the GAG content was calculated using a dimethylmethylene blue (DMMB) assay [18] in which chondroitin sulfate from shark cartilage was used as a standard. Another group of NP samples was weighed to determine their wet weights, and then the HYP content was determined using a HYP quantification kit (NanJing JianCheng, China) according to the manufacturer's instructions.
Statistical analysis
All data were expressed as the mean + − standard error of mean (SED). Each experiment was performed in triplicate to ensure repeatability. After the homogeneity test for variance, intergroup difference was analyzed by the one-way analysis of variance (ANOVA) using SPSS 17.0 software. The post hoc test was performed using the LSD test. A statistically difference was considered when the P-value < 0.05. 
Results
Alcian Blue staining
The staining intensity of Alcian Blue is able to reflect proteoglycan content and distribution within the NP tissue [19] . Results showed that staining intensity in this high-magnitude mechanical compression group is significantly lower than the control group, whereas the addition of resveratrol partly increased staining intensity under the mechanical compression in a dose-dependent manner (Figure 1 ).
Gene expression
Aggrecan and collagen II are the main macromolecules of NP matrix and are transcriptional-regulated by the transcription factor SOX-9 [20] . Therefore, expression of all those three genes is important for NP matrix anabolism. Results showed that gene expression of these molecules was significantly down-regulated in this high-magnitude mechanical compression group compared with the control group, whereas the addition of resveratrol could obviously increase their expression levels (Figure 2 ).
Immunohistochemical staining
Immunostaining for aggrecan and collagen II showed that this high-magnitude compression significantly decreased their staining intensity compared with the control group. Addition of resveratrol was able to increase their staining intensity in a dose-dependent manner under the mechanical compression (Figure 3 ).
Western blot analysis
Western blot analysis of the activity of the PI3K/Akt pathway showed that activation of the PI3K/Akt pathway was significantly inhibited by this high-magnitude mechanical compression. However, addition of the resveratrol obviously increased its activity under mechanical compression in a dose-dependent manner ( Figure 4A ). Western blot analysis of NP matrix anabolism-related molecules showed that protein expression of the transcription factor SOX-9 significantly decreased in this high-magnitude mechanical compression group compared with the control group, whereas resveratrol partly increased SOX-9 protein expression in a dose-dependent manner under the mechanical compression. In addition, protein expression of aggrecan and collagen II showed a similar trend to that of SOX-9 ( Figure  4B ). 
Biochemical content
Both the GAG content and HYP content were significantly decreased under this high-magnitude mechanical compression compared with the control group. Addition of the resveratrol obviously increased their content in a dose-dependent manner under the mechanical compression ( Figure 5 ).
Discussion
The stable matrix homeostasis with the disc NP tissue is important for the maintenance of normal disc mechanical function [21] . Matrix content decrease and matrix denaturation are two classical pathological features during disc degeneration [22] . As an initiating and inducing factor of disc degeneration, mechanical overloading is demonstrated to have a destructive effect on matrix anabolism while a stimulative effect on matrix degradation [8, 10] . Hence, retaining the matrix synthesis is important for normal disc function under mechanical overloading. In the present study, we confirmed that mechanical overloading significantly inhibited NP matrix synthesis and demonstrated that resveratrol partly promoted NP matrix biosynthesis through activating the PI3K/Akt pathway under a high-magnitude mechanical compression. The present study provides potential therapeutic effects of resveratrol on mechanical overloading-induced disc degeneration.
Disc organ culture system is a suitable platform for studying disc biology due to its maintenance of the structural integrity and accurate controllability over the external physical and chemical factors [23] . Moreover, it is advantageous that the application of the perfusion bioreactor can make the present study more closer to the in vivo situations [24] . Previously, this perfusion bioreactor has been also described and used to culture tissue-engineered bone, cartilage, and vessel [16, 20] . The magnitude of 1.3 MPa was designed as a high-magnitude mechanical compression because it can do harms to disc cell biology, such as promoting NP cell apoptosis and inhibiting NP matrix biosynthesis [11] .
During disc degeneration, NP matrix proteins including proteoglycan and collagen II significantly declined, leading to the impaired disc mechanical function [22] . In the present study, NP matrix biosynthesis was obviously suppressed by this high-magnitude compression, reflected by the attenuated Alcian Blue staining intensity, down-regulated gene and protein expression of SOX-9, aggrecan and collagen II, and the decreased biochemical content (GAG and HYP). This is in line with previous opinions that mechanical overloading inhibits disc matrix synthesis and promotes matrix degradation [10] , indicating that mechanical overloading is a risk factor of disc degeneration. Recently, many studies have investigated the potential mechanisms behind the mechanical overloading-induced attenuation of disc matrix biosynthesis, such as cell apoptosis, cell senescence, cell autophagy, and up-regulation of matrix degrading enzymes (MMPs and ADAMTs) [25] [26] [27] [28] . However, the accurate molecular mechanisms need to be further studied.
Resveratrol is a natural phytoalexin found in various plants. Its effects of anti-inflammatory, antioxidant, and cardioprotective have been widely reported [12] . More recently, several studies have shown that resveratrol provides a protective effect on articular cartilage in rabbit models of osteoarthritis and rheumatoid arthritis [29, 30] . Importantly, a previous study demonstrated that resveratrol injection significantly decreased loss of proteoglycan and attenuated cartilage destruction in rabbit arthritic knees [14] . In the present study, we found that resveratrol was able to increase Alcian Blue staining intensity and biochemical content (GAG and HYP), and up-regulate expression of NP matrix anabolism-related molecules (SOX-9, aggrecan, and collagen II) at both gene and protein levels in a dose-dependent manner, indicating that resveratrol has similar protective effects on disc NP matrix biosynthesis under the mechanical overloading.
Previous studies have showed that resveratrol plays its beneficial role in aging, inflammation, and matrix metabolism through activation of the lysine deacetylase, sirtuin 1 (SIRT1), the cAMP pathway, or AMP-activated protein kinase [31] . In the present study, we found that though the activity of the PI3K/Akt pathway in the mechanical compression group is obviously lower than in the control group, addition of the resveratrol significantly increased the activity of the PI3K/Akt pathway in a dose-dependent manner under the mechanical compression. In light of the corresponding alteration of NP matrix biosynthesis after the addition of the resveratrol under the mechanical overloading, we deduce that resveratrol may enhance NP matrix synthesis through activating the PI3K/Akt pathway under this high-magnitude compression.
Among previous disc studies, several animal species have been used to investigate disc degeneration such as rat, mouse, rabbit, bovine, porcine, and dog [32] . The present study used the discs from the immature pig. Although the pig is suitable to study human disc degeneration due to its similar disc changes in the aging process [33] , Alini et al. [34] reported that cow and sheep are more similar to human than porcine in terms of disc development, and that study also emphasized that the existence of notochordal cells in certain animal's disc (i.e. rodent animal species and pig) may limit the translation of experimental results to adult human situation. Hence, the results presented in the present study should be interpreted carefully when translated to disc biology of adults. Additionally, because we mainly aimed to investigate NP matrix under mechanical load, the adjacent AF and CEP were not investigated here, which is also a limitation of the present study because these three parts are structurally connected in vivo.
In conclusion, the present study confirms again that mechanical overloading can suppress disc NP matrix biosynthesis. Meanwhile, the present study demonstrates that resveratrol can enhance NP matrix biosynthesis under mechanical overloading through activating the PI3K/Akt pathway. The present study directly provides that resveratrol may be a promising drug for regenerating mechanical overloading-induced disc degeneration.
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